Introduction {#s1}
============

Spinal cord injury (SCI) is a traumatic event resulting in sensory, motor, and autonomic dysfunction and has direct impacts on the quality of life of affected individuals ([@B1]), pharmacological treatments for SCI are still very limited ([@B2]). In addition, secondary injuries (such as edema, ischemia, glial activation, neuroinflammation, and excitotoxicity) can further exacerbate the damage to the cord itself ([@B3]--[@B5]). However, the underlying mechanisms are still largely unknown, many factors could be involved in this process ([@B6]). Among these factors, excitotoxicity and neuroinflammation are two main mechanisms that cause the overall effects to the spinal cord ([@B3]).

Excitotoxicity is a kind of neuronal cell death caused by excessive activation of glutamate receptors due to increasing levels of extracellular glutamate at the lesion site. Additionally, the increased activation of NMDA receptors contributes to extensive spinal dysfunction. Previous studies show that neuronal death due to CNS injury can be decreased by down-regulation of NMDA receptors such as GluN1 and GluN2B ([@B7], [@B8]). Neuroinflammation responses involve inflammatory cell infiltration (such as neutrophils and macrophages), in addition to microglia activation. Together these cells release a large number of pro-inflammatory cytokines and neurotoxins leading to neuronal death, axonal interruption adjacent to the primary lesion, and hindered axonal regeneration ([@B9]--[@B12]). It has been shown that regulation of posttraumatic inflammation is required to improve functional recovery ([@B13], [@B14]), such as through depletion of macrophages ([@B15]) and delivery of anti-inflammatory chemicals to the spinal cord lesion site ([@B16], [@B17]). Therefore, SCI treatment strategies should not only focus on removal of injury factors but also need to suppress the excitotoxicity and the activation of macrophage/microglias ([@B18]--[@B21]).

Sorting nexin 27 (SNX27) is an endosome-associated cargo adaptor ([@B22]) that is involved in the development and pathologies of neurological diseases ([@B23]). SNX27-deficiency causes cognitive impairment and contributes to the pathologies of Down syndrome by regulating glutamate receptor recycling ([@B24]) and contributes to Alzheimer disease pathologies by controlling APP processing ([@B25], [@B26]). Furthermore, the contributions of SNX27 in a wide range of neurological diseases have been characterized ranging from infantile myoclonic epilepsy ([@B27]) and hydrocephalus ([@B28]), to drug addiction ([@B29]), and neuropathic pain ([@B30]). Together, these findings demonstrate the vital role of SNX27 in neurological disorders and neuropathic injuries such as SCI.

Despite its well-characterized roles in various neurological disorders, the role of SNX27 in SCI remains unclear. Previous studies show that nerve ligation induces allodynia related to elevated expression of SNX27 and knock down of spinal SNX27 ameliorates allodynia induced by spinal nerve ligation ([@B30]), suggesting a potential role of SNX27 in SCI. In this study, we took advantage of a compression model which clinically resembles SCI by fracture dislocations and burst fractures ([@B31]). We found that SNX27 was up-regulated in injured mouse spinal cords. SNX27 haploinsufficiency reduced neuronal loss and cleaved caspase 3, as well as the infiltration and proliferation of macrophage/microglia. Moreover, haploinsufficiency of SNX27 improved motor function recovery and corticospinal axon regeneration in *Snx27*^+/−^ mice after SCI. These findings suggest that down regulation of SNX27 is a potential therapeutic target to overcome the two main obstacles to nerve repair after SCI.

Materials and Methods {#s2}
=====================

Animals
-------

*Snx27*^+/+^ and *Snx27*^+/−^ mice were generated by crossing heterozygotes in the C57BL/6 background and were bred in the Animal Center of Xiamen University. All mice used for experiments were females between the ages of 10 and 14 weeks (weight 20--25 g). Pairs of female *Snx27*^+/+^ and *Snx27*^+/−^ mice were matched by age with maximum differences of 2 weeks ([@B24]). All mice were housed in a specific pathogen-free laboratory animal room and given access to a 12 h light-dark cycle in a 18\~22°C facility, with free access to food and water. *Snx27*^+/+^ and *Snx27*^+/−^ mice were randomly assigned into two groups: the sham group and SCI group, through a completely randomized digital table. Observers were blinded to the grouping and experimental design during data collection and analysis. The total number of animals has been summarized in Table [1](#T1){ref-type="table"}.

###### 

Summary of the total number of animals.

  ------------------------------------------------------------------------------------------------------------
               **Groups**                            **C57BL/6**   **SCI**   **Sham**   **Total**        
  ------------ ------------------------------------- ------------- --------- ---------- ----------- ---- -----
  Experiment   Behavioral assessment                 0             12        12         12          12   48

               BDA tracing\                          0             0         0          0           0    0
               (followed by behavioral assessment)                                                       

               Immunohistochemistry                  6             19        19         0           0    44

               Immunoblotting                        20            11        11         0           0    42

  Total                                              26            42        42         12          12   134
  ------------------------------------------------------------------------------------------------------------

Antibody
--------

The antibodies used were as follows: rabbit anti-mouse SNX27 (1:50, Thermo Fisher Scientific, \#23025), rabbit anti-mouse Glial Fibrillary Acidic Protein, GFAP (1:500, WAKO, \#Z0334), rabbit anti-mouse Ionized calcium-binding adapter molecule 1, Iba1 (1:250, DAKO, \#019-19741), rabbit anti-mouse cleaved-caspase3 (1:800, Cell Signaling Technology, \#9664S), mouse anti-mouse NeuN (1:400, EMD Millipore, \#MAB377), rabbit anti-mouse β-actin (1:5,000, proteintech, \#20536-1-AP), Alexa-fluor-488-conjugated goat anti-rabbit IgG (1:500, Thermo Fisher Scientific, \#11034), Alexa-fluor-546-conjugated goat anti-mouse IgG (1:500, Thermo Fisher Scientific, \#11081), HRP-conjugated goat anti-rabbit IgG (H + L) (1:10,000, Thermo Fisher Scientific, \#31460), and HRP-conjugated goat anti-mouse IgG (H +L) (1:10 000, Thermo Fisher Scientific, \#31430).

Compressive Injury and Surgical Procedures
------------------------------------------

The surgical procedures for SCI were described previously ([@B32]). After mice were anesthetized with ketamine (100 mg/kg, *i.p*.) and xylazine (15 mg/kg, *i.p*.), the T9 lamina was removed and a compressive injury to the spinal cord was inflicted with No. 5 Dumont forceps (Fine Science Tools) modified with a spacer making the maximal closure 0.4 mm, which was applied for 60 s. Surgeries were performed by a surgeon who was blinded to the group allocation. The incision was closed in layers. Postoperatively, 1 mL of saline solution was administered to prevent dehydration. The bladder was pressed 2 times per day until the bladder reflex was re-established. All animals were housed 3 per cage in a controlled environment on a 12/12-h dark and light cycle.

Behavioral Assessment
---------------------

### Basso Mouse Scale (BMS)

BMS, a standardized locomotor rating scale, was used to examine the motor recovery of injured animals ([@B33]). Before surgical procedures, mice were acclimated to the open field environment for 1 week. This rating scale assesses not only limb movement, stepping, and coordination, but also trunk stability in an open field. Animals with better locomotor recovery are given a higher score. The test was performed before the surgical procedures (day−1) and on days 1, 7, 14, 21, and 28 after the injury.

### Footprint Test ([@B33])

For footprint analysis, the hind paws were painted with black ink to record the walking pattern across a paper runway (3 × 30 cm) during continuous locomotion 4 weeks after the injury. The stride lengths and widths were measured and analyzed only when the mice ran at a constant velocity.

The data were collected by two researchers blinded to the experiment design.

BDA Tracing
-----------

Mice were anesthetized and placed on a rodent stereotaxic frame, and a midline incision was made to reveal the bregma. Four small holes in the skull were bored with a microdrill and biotinylated dextran amine (BDA, 10% solution in 0.1 M PBS, Invitrogen, D1956) was injected into the right motor cortex using a Hamilton syringe. Four injections of 0.5 μL were injected at a rate of 0.05 μL/min. The coordinates were as follows: 1.5 mm lateral, 0.6 mm deep, and 0.5 mm anterior; 0.0, 0.5, and 1.0 mm caudal to the bregma. The mice were sacrificed 14 days after BDA injection to visualize the corticospinal tract (CST) axons ([@B34], [@B35]).

BDA-Labeled Axon Counts
-----------------------

BDA-labeled axons were detected by application of Streptavidin-Alexa 488 (Thermo Fisher Scientific) in the sagittal section. The number of fibers was analyzed with a confocal microscope. BDA-labeled axons were quantified between the track end and the lesion site. The number of BDA labeled axons at different distances from the lesion center were quantified. BDA labeled axons were counted from five to seven adjacent sections per animal by a person blinded to the experiment design.

Histology
---------

Anesthetized mice were transcardially perfused with ice-cold PBS (0.1 M; pH 7.4) followed by 4% paraformaldehyde (PFA) in PBS. The thoracic area of the spinal cord was removed and cleaved into a 1 cm segment. The tissues were post-fixed in 4% PFA overnight followed by cryoprotection in 30% sucrose for another 48 h. Then, the tissues were embedded in OCT and serially sectioned into 15 μm slices with a Leica CM1860 Cryostat.

Immunohistochemistry
--------------------

Before staining, spinal cord sections were dried at 60°C for 1 h, and then rinsed with 0.1 M PBS 3 times. After blocking in 5% goat serum, the sections were incubated with indicated primary antibodies at 4°C overnight. The next day, the slides were rinsed with 0.1 M PBS and incubated for 1 h in secondary antibodies. After rinsing with 0.1 M PBS, the sections were counterstained with DAPI and mounted with fluoromount G. Images were acquired by confocal fluorescence microscopy (Nikon Microsystems). All the measurements were made by a person blinded to this experiment design.

Immunoblotting
--------------

Animals were sacrificed and the spinal cord tissue was quickly dissected. A segment 0.5 cm long centered at the lesion site was removed. Tissues were lysed in RIPA lysis buffer (25 mM Tris-HCl, pH 7.6, 150 mM NaCl, 1% sodium deoxycholate, 1% Nonidet P-40, 0.1% sodium dodecyl sulfate), supplemented with protease inhibitors (Roche). Equal amounts of protein lysates were subjected to SDS-polyacrylamide gel electrophoresis, transferred to a PVDF membrane (EMD Millipore), and blotted with indicated antibodies. The protein levels were quantified by Image J software by a person blinded to the experiment design and the acquired data were normalized to β-actin.

Statistical Analysis
--------------------

Statistical differences between groups were calculated with an unpaired two-tailed Student\'s *t*-test. Other analyses were performed using two-way analysis of variance (ANOVA) with Tukey\'s *post-hoc* multiple-comparison test as appropriate to the design. The variance similarity between samples was confirmed using *t*-tests. All analyses were conducted using GraphPad Prism software version 7.0. All data are presented as mean ± S.E.M.

Results {#s3}
=======

Expression of SNX27 Is Up-Regulated in the Injured Spinal Cord
--------------------------------------------------------------

To assess the pathological function of SNX27 following SCI, we analyzed the expression of SNX27 in the spinal cord of sham and injured mice. Expression levels of SNX27 were significantly increased in the lesion sites of the SCI-group, but not the sham-groups at days 3, 7, and 14 after injury (Figure [1A](#F1){ref-type="fig"}). This up-regulation of SNX27 protein levels was detected on day 3 after SCI and reached its peak on day 7 post-injury (Figure [1B](#F1){ref-type="fig"}). Furthermore, immunofluorescence analysis indicated that SNX27 expression was strongly upregulated in SCI-groups compared to the sham-groups on day 7 post-injury (Figure [1C](#F1){ref-type="fig"}). Interestingly, the expression of SNX27 was particularly concentrated in the lesion site and was upregulated in the early stage of SCI, which suggests that SNX27 might have an impact on neuronal death and inflammation.

![Expression of SNX27 in the injured spinal cord and the identification of *Snx27*^+/−^ mice. **(A)** Western Blot analysis of SNX27 and Iba1 levels in spinal cords from sham SCI treated mice. **(B)** Time course analysis of SNX27 expression at the SCI lesion site, *n* = 4 mice per time point. **(C)** Histological analysis of SNX27 expression in the spinal cords from sham and SCI mice 7 days post injury. Scale bar = 200 μm. **(D)** PCR genotyping of *Snx27*^+/+^ and *Snx27*^+/−^ mice. **(E,F)** Western Blot analysis of SNX27 in *Snx27*^+/+^ and *Snx27*^+/−^ mice. The results were represented as the mean ± SEM and data were evaluated by One-way ANOVA with Tukey *post-hoc* test, \**p* \< 0.05, \*\**p* \< 0.01. dpi, days post injury. CTX, Cortex; CB, Cerebellum; SC, Spinal Cord.](fneur-09-01059-g0001){#F1}

SNX27 Haploinsufficiency Promotes Functional Recovery After SCI
---------------------------------------------------------------

We investigate the roles of SNX27 in the pathogenesis of SCI using *Snx27*^+/−^ mice, as homozygous knockout of SNX27 results in severe developmental retardation and early lethality in *Snx27*^−/−^ mice, making it impossible to determine whether SNX27 influences functional recovery after SCI ([@B24]). The Tail DNA products from *Snx27*^+/+^ and *Snx27*^+/−^ mice were genotyped by PCR (Figure [1D](#F1){ref-type="fig"}). Meanwhile, SNX27 protein expression in spinal cord, cortex and cerebellum of *Snx27*^+/+^ and *Snx27*^+/−^ mice was evaluated by western blot analysis and we found a reduction of SNX27 expression (about 50%) in *Snx27*^+/−^ mice compared to that in *Snx27*^+/+^ mice (Figures [1E,F](#F1){ref-type="fig"}).

To investigate the effects of SNX27 on motor recovery after SCI, footprint analysis, and open field locomotion tests were performed to objectively assess the functional improvements in *Snx27*^+/+^ and *Snx27*^+/−^ mice at week 4 after SCI. The sham groups of both *Snx27*^+/+^ and *Snx27*^+/−^ mice displayed normal functional outcomes. On day 1 post-injury, both genotypes displayed significant hind limb paralysis. However, most *Snx27*^+/−^ mice showed consistent plantar stepping and consistent coordination (BMS score: 6 or 7) on day 28 post-injury. In contrast, *Snx27*^+/+^ mice had little to no coordination and rotated paw position (BMS score: 4 or 5) although they displayed frequent or consistent plantar stepping (Figure [2A](#F2){ref-type="fig"}). In contrast to *Snx27*^+/+^ mice, *Snx27*^+/−^ mice exhibited longer stride length and width of the hind limb in footprint analyses at week 4 post-injury. Together, these data indicate that SNX27 is involved in functional disabilities of the spine and recovery of hind limb motor function, which was significantly improved in *Snx27*^+/−^ mice after SCI (Figures [2B--D](#F2){ref-type="fig"}).

![SNX27 haploinsufficiency promotes functional recovery after SCI. **(A)** Evaluating functional recovery of *Snx27*^+/+^ and *Snx27*^+/−^ mice after SCI using BMS scoring, *n* = 12. Scale bar = 1cm. **(B)** Representative images of footprint analysis 28 days post injury. **(C,D)** Quantification of stride width and stride length in the footprint analysis 28 days post injury, *n* = 12. Values are expressed as mean ± SEM, Data were analyzed using repeated measures ANOVA followed by Bonferroni\'s *post-hoc* test, \**p* \< 0.05, \*\*\**p* \< 0.001.](fneur-09-01059-g0002){#F2}

SNX27 Haploinsufficiency Increases Axon Regeneration After SCI
--------------------------------------------------------------

Corticospinal tract (CST) growth is correlated with functional recovery after SCI ([@B36]). Therefore, we wondered whether SNX27 is involved in the recovery of CST after SCI. We injected biotinylated dextran amine (BDA) into the right sensorimotor cortex of mice to label the CST on day 28 post-injury and all mice were sacrificed after 2 weeks. The number of BDA^+^ nerve fibers crossing the compressive injury lesion site were quantified to evaluate functional improvement. In *Snx27*^+/+^ mice, most of the BDA^+^ nerve fibers retracted from the lesion site (Figure [3A](#F3){ref-type="fig"}). In contrast, *Snx27*^+/−^ mice displayed vigorous regrowth of nerve fibers (Figure [3A′](#F3){ref-type="fig"}), with more continuous BDA^+^ axons traversing the lesion site and growing into the distal spinal cord about 0.8 mm to the caudal lesion site (Figure [3B′,C′](#F3){ref-type="fig"}). Quantification of the BDA^+^ axons of CST caudal to the lesion site showed that *Snx27*^+/−^ mice had significantly more axons in the spinal cords 2 mm away from the lesion site than *Snx27*^+/+^ mice (Figure [3D](#F3){ref-type="fig"}). All these data imply that SNX27-deficiency might enhance corticospinal axon regeneration after SCI.

![SNX27 haploinsufficiency increases axon regeneration after SCI. **(A)** Overview of BDA-labeled nerve fibers (green) in horizontal sections of *Snx27*^+/+^ mice and *Snx27*^+/−^ mice dorsal columns, ranging from rostral 1,500 μm (−1,500 μm) to caudal 2,000 μm (+2,000 μm) around the LC, Scale bar = 200 μm. R-C, Rostral--caudal; R-L, right--left. Dashed lines indicate the lesion center (LC). **(B,B′,C,C′,D,D′)** Higher magnification of the boxed areas in A. Arrowheads indicate BDA-labeled nerve fibers. Scale bar = 100 μm. **(E)** Quantification of BDA-labeled nerve fibers crossing the lesion site. *n* = 8 mice per genotype. Values are expressed as mean ± SEM and data were evaluated by One-way ANOVA with Tukey *post-hoc* test. \*\**p* \< 0.01, \*\*\**p* \< 0.001. LC, Lesion Center.](fneur-09-01059-g0003){#F3}

SNX27 Haploinsufficiency Prevents Neuronal Death and Caspase-3 Activation After SCI
-----------------------------------------------------------------------------------

To determine the effects of SNX27 on neuronal survival after SCI, the number of NeuN-positive cells adjacent to the lesion site was counted on day 3 post-injury. Consistent with the behavioral data, there were more NeuN-positive cells adjacent to the lesion site in *Snx27*^+/−^ mice compared with *Snx27*^+/+^ mice (Figures [4A,B](#F4){ref-type="fig"}).

![SNX27 haploinsufficiency prevents neuronal death and caspase-3 activation after SCI. **(A)** Representative images of the lesion center in the spinal cords from *Snx27*^+/+^ mice and *Snx27*^+/−^ mice 7 days post injury, Scale bar = 200 μm. **(B)** NeuN^+^ cell quantification of the lesion center in the spinal cords from *Snx27*^+/+^ mice and *Snx27*^+/−^ mice 7 days post injury, *n* = 4. **(C)** Western blot analysis of cleaved caspase-3 levels in the spinal cord of *Snx27*^+/+^ mice and *Snx27*^+/−^ mice 3 days post injury. **(D)** Quantitative analysis of cleaved caspase-3 expression in the spinal cord of *Snx27*^+/+^ mice and *Snx27*^+/−^ mice 3 days post injury, *n* = 4. Values are expressed as mean ± SEM and were evaluated by Student\'s independent sample *t*-test. \**p* \< 0.05, \*\**p* \< 0.01.](fneur-09-01059-g0004){#F4}

Caspase-3 is activated after SCI as a key execution in neuronal apoptosis ([@B37], [@B38]). To investigate the effect of SNX27 on apoptotic cell death after SCI, we tested for the presence of active cleaved caspase-3 after SCI in each group and found that the level of cleaved caspase-3 was indeed increased after SCI. However, cleaved caspase-3 was highly decreased in the SCI-*Snx27*^+/−^ group compared with SCI-*Snx27*^+/+^ group (Figures [4C,D](#F4){ref-type="fig"}). Taken together, our results indicate that SNX27 haploinsufficiency confers neuroprotection possibly via decreasing activation of caspase 3.

SNX27 Haploinsufficiency Reduces Inflammatory Responses but Does Not Influence Gliosis After SCI
------------------------------------------------------------------------------------------------

Increased glial fibrillary acidic protein (GFAP) expression is associated with scar formation, a secondary damage after SCI, and is an indicator of reactive gliosis. Sagittal sections were stained for GFAP to examine the pathological effects of SNX27 on lesion size and astrocyte reactivity after SCI. The lesion volume, of the GFAP-negative area, was comparable between *Snx27*^+/+^ and *Snx27*^+/−^ mice on day 7 after SCI, but the GFAP-negative area was significantly smaller in *Snx27*^+/−^ mice (Figures [5A,C](#F5){ref-type="fig"}). However, there was no difference in reactive astrocytes indicated by GFAP expression in the regions adjacent to the lesion sites between *Snx27*^+/+^ and *Snx27*^+/−^ mice (Figures [5B,D,E](#F5){ref-type="fig"}).

![SNX27 haploinsufficiency reduces the size of lesion region without influencing gliosis after SCI. **(A)** Representative images of GFAP staining indicating the lesion region 7 days post injury, *n* = 6, Scale bar = 200 μm. Dashed lines indicate the lesion area. **(B)** Western blot analysis of GFAP in the spinal cord of *Snx27*^+/+^ mice and *Snx27*^+/−^ mice 7 days post injury. **(C,D)** Quantification of GFAP-negative area (lesion region) and GFAP protein expression, *n* = 6. **(E)** Quantitative analysis of GFAP expression, *n* = 3. Values are expressed as mean ± SEM and were evaluated by Student\'s independent sample *t*-test. \*\**p* \< 0.01.](fneur-09-01059-g0005){#F5}

Macrophage/microglia activation contributes to the development of secondary injury after SCI. Therefore, we analyzed the expression pattern of Iba1, a marker for macrophage/microglia activation and accumulation, in the spinal cord of SCI mouse models. Increased number of round and amoeboid-like Iba1^+^ cells (activated macrophage/microglia) have been observed in the injured boundary zone and lesion center, but the Iba1^+^ cells in the non-injury site remained ramified (quiescent macrophage/microglia). In addition, we found that *Snx27*^+/−^ mice had reduced Iba1 density in the injured boundary zone of the spinal cord compared with *Snx27*^+/+^ littermates (Figures [6A,A′,D](#F6){ref-type="fig"}), but had no difference in the zones of the lesion center (Figures [6B,B′](#F6){ref-type="fig"}) or the non-injury sites on day 7 post-injury (Figures [6C,C′](#F6){ref-type="fig"}). Expression of Iba1 was 5- to 6-fold higher in injured spinal cords compared with sham tissues in both groups (Figures [6E,F](#F6){ref-type="fig"}). However, *Snx27*^+/−^ mice had significantly reduced Iba1 upregulation than *Snx27*^+/+^ mice. These results indicate that SNX27 haploinsufficiency suppresses inflammatory responses but not scar formation after SCI.

![SNX27 haploinsufficiency reduces the activation of macrophage/microglia in the injured spinal cord. Top, Overview of Iba1-positive cell in horizontal sections of *Snx27*^+/+^ mice and *Snx27*^+/−^ mice dorsal spinal columns, ranging from rostral 1,500 μm (--1,500 μm) to caudal 1,500 μm (+1,500 μm) around the LC. *n* = 6. Scale bar = 200 μm. R-C, Rostral--caudal; R-L, right--left. Dashed lines indicate the lesion center. Below, Higher magnification of the different zones: the lesion centers **(A,A′)**; the injury boundary zones **(B,B′)**; the non-injury zones **(C,C′)**, Scale bar = 50 μm. Arrowheads indicate the quiescent and activated microglia. **(D)** Quantification of Iba1 density. **(E)** Western blot analysis of Iba1 expression in the spinal cords from *Snx27*^+/+^ mice and *Snx27*^+/−^ mice 7 days post injury. **(F)** Quantitative analysis of Iba1 expression, *n* = 4. Values are expressed as mean ± SEM and data were evaluated by One-way ANOVA with Tukey *post-hoc* test. \**p* \< 0.05, \*\*\**p* \< 0.001.](fneur-09-01059-g0006){#F6}

SNX27 Haploinsufficiency Suppresses the Proliferation of Macrophage/Microglia After SCI
---------------------------------------------------------------------------------------

SNX27 haploinsufficiency suppresses inflammatory responses but not scar formation after SCI, implying that SNX27 might be involved in the proliferation of microglial/macrophage cells that migrate toward and infiltrate the lesion site. Therefore, double immunostaining for Iba1 and Ki67, a cellular marker for proliferation ([@B39]), was performed in sagittal sections of the spinal cords on day 7 post-injury. In contrast to *Snx27*^+/+^ littermates, *Snx27*^+/−^ mice exhibited fewer Ki67^+^ cells in the lesion site (Figure [7A](#F7){ref-type="fig"}), indicating that SNX27 haploinsufficiency suppresses the proliferation of cells in injured spinal cords. Furthermore, fewer cells positive for both Iba1 and Ki67 was observed in the lesion site of *Snx27*^+/−^ mice following SCI, compared with those in *Snx27*^+/+^ littermates (Figure [7B](#F7){ref-type="fig"}). Therefore, SNX27 haploinsufficiency suppresses proliferation of macrophage/microglia following SCI.

![SNX27 haploinsufficiency suppresses the proliferation of macrophage/microglia after SCI. **(A)** Immunohistological analysis of horizontal spinal cord sections from *Snx27*^+/+^ mice and *Snx27*^+/−^ mice 7 days post injury using antibodies against Iba1 and Ki67 in horizontal sections. Arrowheads indicate Ki67^+^Iba1^+^ cells. **(B)** Quantification of Ki67^+^Iba1^+^ cells at the area which is ranging from rostral 400 μm (−400 μm) to caudal 400 μm (+400 μm) around the LC, *n* = 3. Values are expressed as mean ± SEM and were evaluated by Student\'s independent sample *t*-test. \*\**p* \< 0.01.](fneur-09-01059-g0007){#F7}

Discussion {#s4}
==========

SNX27, an endosome-associated cargo adaptor, is involved in developmental and neurological diseases, such as Down syndrome, Alzheimer\'s disease, infantile myoclonic epilepsy, hydrocephalus, and neuropathic pain ([@B24]--[@B26], [@B30]). Previous reports found that SNX27 is involved in neuropathic pain in a mouse spinal nerve ligation model ([@B30]). However, before our study, the physiological function of SNX27 in SCI has not been investigated. For the first time, we determined the roles of SNX27 in SCI, which will extend our understanding the functional regulation of SNX27 in spinal cord injury.

In this study, we found that SNX27 expression starts to increase on day 3 and reached the plateau on day 7 after SCI (Figure [1B](#F1){ref-type="fig"}). Moreover, we found that the expression of SNX27 was markedly upregulated around the lesion site where the necrotic neurons and activated microglia/macrophage emerged after spinal cord injury (Figure [1C](#F1){ref-type="fig"}). These results suggest that SNX27 is associated with neuronal death and neuroinflammation, and may function in the early stage of SCI. Furthermore, we investigate the physiological function of SNX27 in SCI using *Snx27*^+/−^ mice since that loss of Snx27 results in severe neuronal death and early lethality in *Snx27*^−/−^ mice. We have found that SNX27 haploinsufficiency elevated corticospinal axon regeneration from the caudal area to the lesion area (Figure [3](#F3){ref-type="fig"}) and improved functional motor recovery after SCI (Figure [2](#F2){ref-type="fig"}), suggesting that SNX27 may have an effect on functional recovery after spinal cord injury.

Previous studies have shown that down-regulation of NMDA receptors, such as GluN1 and GluN2B, contributes to reduction of neuronal death due to CNS injury, but is accompanied by side-effects ([@B7], [@B8]). Moreover, SNX27-deficiency decreased glutamate receptor recycling to the post-synaptic surface ([@B24]). Therefore, we put forward the hypothesis that deficiency of SNX27 might protect neurons from Glutamate-induced excitotoxicity in SCI damage by reducing the surface expression of NMDA receptors. We found that SNX27 haploinsufficiency significantly promoted neuronal survival adjacent to the lesion site and reduced expression of apoptotic cleaved caspase-3 after SCI (Figure [4](#F4){ref-type="fig"}). This indicates SNX27 haploinsufficiency protects neurons from SCI-induced apoptotic cell death and possibly by blocking NMDA receptor activation.

A sequential inflammatory cascade is initiated after spinal cord injury ([@B40]), microglia and astrocyte, two types of glial cells reside in the spinal cord are likely contributors. They can be activated to various degrees after spinal cord injury ([@B41], [@B42]). Although there are different functional states of macrophage/microglia activated after SCI, treatments aimed at anti-inflammatory pathways have been a mainstay of pre-clinical SCI research for many years ([@B43]). Macrophage/microglia that infiltrate in the injured area can secrete inflammatory factors such as TNFα, IL-1, IL-6, aggravating neuronal damage and cavity formation, while suppressing neurogenesis and axonal regeneration ([@B36], [@B44]). In the days following the initial damage to the spinal cord, secondary damage continues in the tissue surrounding the original site of injury, spinal cavity (GFAP-negative) formed and enlarged gradually with reactive astrocytes surrounded it, which are exacerbating neurological defects ([@B41], [@B45]). Proliferation of astrocytes at the early stage of SCI can limit migration of the immune cells toward the injured spinal cord ([@B3]). However, over time, astrocytes produce extensive glial scarring, which restricts the regeneration and extension of axons ([@B3]). Consistent with previous reports, we found that there were more macrophage/microglia infiltrating in the spinal cord of *Snx27*^+/+^ mice compared with *Snx27*^+/−^ mice (Figure [6](#F6){ref-type="fig"}). Moreover, the lesion site (GFAP-negative) was significantly smaller in *Snx27*^+/−^ mice, although there was no difference in astrogliosis between *Snx27*^+/+^ and *Snx27*^+/−^ mice (Figure [5](#F5){ref-type="fig"}). SNX27 haploinsufficiency reduced the number of infiltrating Iba1^+^/Ki67^+^ cells (newborn microglia/macrophage) in the lesion sites after SCI (Figure [7](#F7){ref-type="fig"}). Thus, SNX27 haploinsufficiency suppresses the inflammatory response by inhibiting the macrophage/microglia proliferation after SCI, but SNX27 has no effect on astrogliosis in this SCI model.

Conclusion {#s5}
==========

In summary, our findings demonstrate a pathological function of SNX27 in spinal cord injury by increasing neuroinflammation and neuronal apoptotic death. The details of the underlying mechanism deserve further scrutiny.
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